In this study, an original use of immersed microfiltration membranes (mean pore size equal to 0.2 μm) is investigated for the total removal of toxic dinoflagellates from seawater. Using a membrane autopsy and fouling model approach and the use of fouling indexes (called Pore Blocking Index, Pore Constriction Index and Cake Filtration Index), three dinoflagellate suspensions (Heterocapsa triquetra, Alexandrium minutum and Prorocentrum lima) have been microfiltered in order to study the influence of micro-algal species and its concentrations (1,000 and 30,000 cells/mL) on filtration yield and membrane fouling mechanisms. Results showed that all micro-algae have been retained after 180 min of microfiltration. At 30,000 cells/mL, permeate fluxes declined rapidly and an internal fouling occurred at the beginning of microfiltrations followed by a cake deposition. At 1,000 cells/mL, flux declined slowly and was mainly due to an internal fouling. For a given micro-algae concentration, the filtration behaviour and fouling behaviour can be very different based on the micro-algae species. The dissolved organic substances and particulate size distribution are important factors affecting internal but also external fouling. SEM analyses and fouling indexes are useful tools, simple to implement, and allow the study of membrane fouling and membrane process optimization.
Introduction
Harmful Algal Blooms (HAB) and more particularly toxic dinoflagellate blooms regularly contaminate coastal water and cause a lot of adverse impacts already well described in the literature [1] [2] [3] [4] [5] [6] [7] .
Thus, toxic micro-algae efflorescences regularly expose shellfish farming to sale prohibition.
Many studies relate to the separation of the micro-algae with various membrane processes [8] [9] [10] [11] [12] [13] [14] [15] [16] but more especially, a previous study [17] investigated immersed membranes for seawater pre-treatment dedicated to total removal of undesirable micro-algae. In our previous study [17] , polysulfone immersed hollow fibres microfiltration (MF) and ultrafiltration (UF) membranes were compared. During these filtrations of H. triquetra, the best fluxes were obtained with MF membranes. Deadend filtration mode was chosen rather than tangential filtration due to its lower specific energetic consumption.
Furthermore, a recent study focusing on MF and UF of marine bloom-forming algae suggests that dead-end, open tank membrane configurations similar to those used for membrane bioreactors (MBR) would be more appropriate than crossflow modules [18] . Also, lowpressure membrane processes, such as UF (dead-end), are effective for treating algae-laden waters [19] . In addition, hollow fibre membranes are especially widely used in MBR for wastewater treatment [20, 21] but, for some years, have been used in marine aquaculture field or for seawater pre-treatments [4, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
Micro-algae are known to cause fouling in MF and UF filtration, which results in higher operating costs related to the increase of trans-membrane pressure and intensification of cleaning procedure. Also, fouling caused by deposition of materials on the surface and/or within the membrane material can be influenced by membrane characteristics (morphology and topography, porosity, charge and wettability), module properties and operating parameters such as trans-membrane pressure or air flow rate [34, 35] .
Several studies showed that small particles, colloids and extracellular organic matter such as humic substances, nucleic acids, or polysaccharides arising from cell lysis or secretion increase membrane fouling phenomena (pore-blocking, cake-layer resistance and adsorption mechanisms) [18, 36, 37] . According to Ladner et al. (2010) [18] , algal cells themselves play a small role in permeate flux decline whereas the highly fouling fraction was cell-derived material larger than 0.22 μm.
In the present study, an immersed hollow fibre microfiltration (MF) membrane is investigated in order to supply seawater semiclosed systems, preserve commercial bivalves and maintain their quality during a toxic event. This treated seawater could feed the ponds only during toxic events (around 2-3 months per year). The proposed plant has to supply salubrious water in case of emergency situations (a sudden toxic algal bloom), but also during shellfish storage requiring a moderated flow and whose shellfish quality would be ensured by supplementary feeding in non-toxic micro-algae [38] . Thus, such systems would allow commercial shellfish storage. In addition, this filtration process will also be used to minimise effluent discharges to the environment as reported by Jegatheesan et al., 2007 [39] .
Through the microfiltration of three dinoflagellate species, known for causing "red tide" in seawater environment, process performances, limited by fouling, were analysed and discussed with the aim to better understand mechanisms implied in the fouling build-up during microfiltration. In particular, blocking and cake filtration models, specific fouling indexes are defined and used for fouling mechanisms description. Coupled with permeate and feed water characteristics and tools for membrane autopsies, fouling indexes should allow to optimise operating parameters (periodic backwash and cleaning procedure notably) and should be very useful to limit operating costs by playing a predictive role on membrane fouling.
The preliminary knowledge of seawater composition, of the behaviour of these components on membrane material and the use of specific fouling indexes, will make it possible to durably develop adapted membrane processes for aquaculture activities.
In a first part, in order to study the influence of particle size, dissolved organic substances and species on microfiltration, blooms of 30,000 cells/mL of dinoflagellates were reconstituted by diluting the raw culture with isotonic water. The concentration of 30,000 cells/mL corresponds to an important natural bloom, although much higher concentrations have already been observed for these species, as reported by Lindholm and Nummelin (1999) , and Pitcher et al. (2007) [40, 41] . Also, A. minutum and H. triquetra are known to reach very high concentrations during algal blooms (≫ 10 3 cells/mL) [40, 42] .
In a second part, in order to study a more current bloom concentration of dinoflagellate, 1000 cells/mL of A. minutum is also microfiltered.
Filtration theory in dead-end filtration at constant pressure, in particular from Poiseuille's law, allows us to distinguish many models such as blocking models and cake filtration models. Hermans and Bredée (1936) [43] , and Hermia (1982) [44] , were the first to propose four models to explain membrane fouling. The general law used to explain blocking models and thus to identify the filtration mechanism is given by the relation between the volume second and first derivatives of t.
In the Eq. (1), k, the hydraulic resistance coefficient, is a constant and n, the blocking index, can take different values according to the fouling mechanisms involved. So, n equals 0, 1, 3/2 and 2 to define respectively cake, intermediate, standard and complete blocking filtration.
Finally, fouling appears to be a surface and/or an internal phenomenon. Concerning internal fouling, it is possible to summarise these mechanisms by two models: standard blocking model (also called pore constriction) and pore blocking model. Standard blocking model assumes that fouling occurs along the pore walls, causing the pore diameter to decrease, while pore density remains constant. Blocking model assumes that the number of pores that become plugged increases proportionally to the filtrate volume. In this case, pore diameter remains constant.
In the present study, these models are used in the same way in order to determine which type of fouling mechanism predominantly occurs and causes flow decrease during microfiltration operation. In addition, transition mechanisms (such as intermediate blocking with n = 1) are not investigated in order to analyse the filtration in successive apparent steps during which only blocking mechanisms or cake filtration are predominant. Fouling Indexes presented below are obtained from Hermia's model (Eq. (1)) and the details of the integrations can be found in Hermia (1982) [44] .
According to Hermia's model with n = 3/2, we can define a new fouling index, denoted PCI for "Pore Constriction Index" (equal to (k/2).Q 0 − 1/2 from Eq. (1)), representative of standard blocking and defined as the gradient of the linear region found in the plot of t/V versus t. PCI is expressed as m − 3
. The details of integration can be found in Hermia (1982) [44] :
) the initial flow rate, V (m 3 ), the accumulated permeate volume, t (s), the filtration time, C SBM the compound volume per unit filtrate volume that deposits onto the pore walls, N 0 the number of pores per membrane surface area, A the membrane surface area (m²), d 0 (m) the pore diameter and l (m) the pore length.
According to Hermia model with n = 2, we can define a new specific fouling index, denoted PBI for "Pore Blocking Index" (equal to k from Eq. (1)) and expressed as s − 1 , defined as the gradient of the linear region found in the plot of Q versus V:
with C PBM the number of pores per unit membrane surface area that becomes plugged per unit filtrate volume, ΔP (Pa) the applied transmembrane pressure and μ (Pa·s) the solution viscosity. Surface fouling is evaluated by cake filtration model. A Modified Fouling Index (denoted MFI) was first defined by Schippers and Verdouw (1980) [45] , in order to evaluate particles fouling potential of water by a cake filtration model. Since then, other authors have regularly used this index [46] [47] [48] instead of SDI [49] widely used in water process engineering [50] [51] [52] [53] [54] [55] . In the present study, MFI is presently renamed to CFI for "Cake Filtration Index". We considered CFI more explicit, in this study, to designate the type of cake fouling. CFI defined as the gradient of the linear region found in the plot of t/V versus V (Eq. (4)). So, CFI allows evaluation of cake fouling intensity during dead-end filtration at constant transmembrane pressure. Also, CFI is equal to k/2 with n = 0 from the Hermia's model and is expressed as s·m
As shown by the previous equation (Eq. (4)), CFI is linked to the applied transmembrane pressure (ΔP), the dynamic viscosity of permeate (μ), the specific resistance of deposited cake (α) (m·kg
and the mass of dry cake per volume of permeate (C b ) (kg·m − 3 ). This approach to determine the different fouling mechanisms during membrane filtration has already been chosen in some studies concerning dead-end MF [56, 57] . In our case, we engage the same approach by assuming that our immersed hollow fibre MF operation is considered equivalent to dead-end filtration.
Material and methods

Pilot plant description
The surface membrane area was equal to 0.37 m² ( Fig. 1 shows a schematic diagram of the laboratory pilot plant. The membrane bundle (lab scale unit) was placed in a tank containing 40 L of reconstituted seawater prepared from deionised water (pH = 7.3, TOC b1 ppm and conductivity = 0.76 μS/cm) adjusted at 35 g/L with NaCl enriched with the micro-algae suspension to be filtered. A microfiltration polysulfone hollow-fibre membrane of 0.2 μm pore size was used. Membrane characteristics are shown in Table 1 .
All microfiltrations were operated at constant transmembrane pressure (0.3 bar). From permeate flux recording, the total fouling resistance (R f ) was determined according to Darcy's law (Eq. (5)):
with, J, the permeate flow (m 3 ·s
) and R f , the total fouling resistance (m
). In accordance with membrane supplier instructions, the membranes have been chemically cleaned in three successive stages: 1 h bath with 200 ppm of hydroxyde sodium, 1 h with 50 ppm of oxalic acid and 4 h with 200 ppm of chlorine solution. Before each bath, rinsing was carried out using deionised water. All solutions were prepared from deionised water (pH = 7.3, TOC b 1 ppm and conductivity = 0.76 μS/cm).
Cleaning procedure was carried out before each filtration. After membrane fouling, the cleaning procedure was repeated until the recovering of the initial permeability.
During microfiltration of micro-algae suspensions, the mean permeate was sampled in order to evaluate the retention rate RR calculated from the following equation:
with C p , the concentration in the permeate at the end of filtration and C f , the concentration in feed water.
Micro-algae suspensions
Three dinoflagellates species were used in this study. Reconstituted blooms characteristics are shown in Table 2 and micro-algae images are shown in Fig. 2 .
Prorocentrum lima (Ehrenberg, 1860-Stein, 1975) (strain PL4V) is an epiphytic-benthic dinoflagellate responsible for Diarrhetic Shellfish Poisoning (DSP) in consumers. Cells are generally oblong to ovate in shape and their length varies from 30 to 50 μm and their width from 25 to 30 μm [58] . P. lima was cultured in "f/2 medium" [59] without silica addition, in a 10 L tank bioreactor.
Alexandrium minutum (Halim, 1960) (strain AMBM89), is a pelagic dinoflagellate responsible for Paralytic shellfish poisoning (PSP) and one of the smallest toxic dinoflagellate observed during toxic blooms in French coastal waters. Cells are small, rounded and slightly longer than wide, around 20-25 μm long and 20-24 μm wide [41, 60, 61] . A. minutum was cultured in "L1 medium" [62] in a 100 L tank bioreactor. In the case of continuous flow cultures in bioreactor, we observed a decrease in cell size down to 12 μm [63] .
Heterocapsa triquetra (Ehrenberg) Stein 1883 (HT99PZ) is a nontoxic strain pelagic dinoflagellate which has been selected for its morphological and size similarities with A. minutum and for its easy handling due to its harmless character. Moreover, A. minutum and H. triquetra are naturally co-occurrent species during algal blooms [42, 64] . H. triquetra was cultured in "L1 medium" [62] in a 10-L tank bioreactor.
Toxics micro-algae experiments were carried out under adapted safety conditions and compliance in a specialised laboratory.
Particle size distributions of each micro-algae culture are shown in Fig. 3 . The distribution density (q) expressed as mm − 1 represents the normalised particles area fraction (ΔQ, dimensionless) divided by the size of the corresponding interval (Δx expressed as mm). These results had been obtained using QICPIC analyser (Sympatec, Clausthal-Zellerfeld Germany). Cultures were directly injected in the analytical cell without specific treatment.
Membranes autopsy tools
Several tools can be used for membrane autopsies as previously reported [47, [65] [66] [67] .
In the present study, Field Emission Gun Scanning Electron Microscopy (SEM) has been used in order to characterise morphology of cleaned and fouled membrane surfaces. The apparatus used was JSM-6301F from JEOL (SCIAM, Angers University, France). Images Hollow fibres have always been sampled at the same place (in the middle of the fibres), before and after fouling and also after cleaning.
Pore size and pore density on the membrane surface were measured by computer-assisted image analysis (OPTIMAS 6.51, Media Cybernetics).
Contact angle measurements
The contact angle measurements were made by the sessile drop technique: a liquid droplet is placed on a flat homogeneous surface and the contact angle of the droplet with the surface is measured with a KRUSS DS10 contact angle metre. The contact angle measurements were made on dried membrane samples on both hollow fibre membrane sides: outside and inside. A droplet of MilliQ water solution (pH 6.5) with a volume of 100 nL was deposited on the surface using a micro-syringe and a camera measured the angles during the first second after water droplet deposition. Reported values are the averages of the contact angles (right and left) of three droplets.
Roughness analysis by AFM
The AFM (Atomic Force Microscopy) analyses were conducted with a Nanoscope III device from Veeco (USA). The membrane morphologies were imaged in contact mode in air with a scan rate of 1 Hz and 400 × 400 pixel resolution. The cantilevers used for such imaging were from Brucker (Dourdan, France), with a specified spring constant between 0.44 and 0.63 nN and a resonant frequency of 17-20 kHz. The mean roughness (denoted Ra) is the mean distance from surface to the centre plane and is calculated in the following equation:
where f(x, y) is the surface relative to the centre plane and Lx and Ly are the dimensions of the analysed surface. The same cantilever was used for all AFM images and all the AFM treated in this way. The membrane samples were dried at room temperature in a desiccator. The samples were then attached to steel discs with double-side scotch tape. The images were obtained over the area 50 μm × 50 μm.
Image analysis was carried out by means of (SPMLab602) software from Veeco (France). We focused our attention on R a values only for virgin membrane. In the present study R a values are resulting from two field analyses on each sample using contact analysis mode. For R a , the values reported are the average values of the two fields analysed (size 50 μm × 50 μm).
Water analytical methods
Total Organic Carbon (TOC) and Dissolved Organic Carbon (DOC) concentrations were measured by high temperature combustion on a Shimadzu TOC 5000 Analyser according to the analytical procedure described by Cauwet (1999) [68] . DOC samples were collected in glass tubes and were obtained by filtering the TOC sample through a glass fibre filter (Whatman GF/F, 0.7 μm). All glass vessels and glass fibre filters were rinsed with Milli-Q-water and then combusted for 6 h at 450°C prior to utilisation to remove organic contaminants [69, 70] .
Total suspended solid analyses were performed using glass fibre filter GF/F.
The turbidity measurement was carried out with a Hach 2100AN IS turbidimeter.
Cell concentrations were determined from cell counts in a Nageotte haemocytometer chamber under a photonic microscope, with a Coulter Counter Multisizer particle analyser (BeckmanCoulter) and with a QICPIC particle analyser using image analysis (Sympatec, Clausthal-Zellerfeld Germany).
Results and discussion
3.1. Influence of particles size, dissolved organic substances and species on microfiltration performances 3.1.1. Selectivity and hydraulic performances Selectivity and hydraulic performances are fundamental criteria to evaluate membrane treatment effectiveness. Average rejection rates during MF are reported in Table 3 . As aimed in this study, all micro-algal species are retained by the process (RR N 99%). Due to an analytical error estimated to 1%, RR is not equal to 100% but no micro-algae were found in all the permeates during our experiments. These results are consistent with a previous study already carried out with the micro-alga H. triquetra [17] . So, the permeate is a clarified seawater (turbidity b0.2 NTU and S = 35) more or less charged in organic DOC with 12.2 ± 0.8 mgC/L, 4.9 ± 0.3 mgC/L and 3.3 ± 0.1 mgC/L respectively for P. lima, A. minutum and H. triquetra. The higher retention rates for DOC is obtained from P. lima permeate with 46%. The nature of DOC has not yet been elucidated: it can be attributed to mucilage, exudates or intracellular material from microfiltered micro-algae. According to many studies [18, 71] , DOC can be attributed to the macromolecular components and extracellular polymeric substances mainly composed of polysaccharides, nucleic acids and proteins. Fig. 4 shows the relative flux versus time microfiltration curves for each micro-algae suspension. Each curve can be divided into two regions. At the beginning of filtration, flow rate rapidly decreases and then slowly declines down to a pseudo-steady state. At pseudo-steady state, the permeate fluxes are equal to 15 ± 1 L·h
·for P. lima and A. minutum microfiltration and 27 ± 1 L·h
Fluxes permeate data and permeate compositions indicate in particular that micro-algae are totally retained by the process and that DOC is partially retained on MF membrane, especially for the A. minutum and P. lima MF. At the end of the MF operation, it appears that A. minutum and P. lima are responsible for highest flux decline, although fluxes are similar at the beginning of MF for H. triquetra and A. minutum. This seems to indicate that fouling mechanisms are different for each case.
Fouling indexes determination
Fig . 5 shows the fouling resistance versus filtration time for each MF during the first hour of microfiltration. Resistance curves increase with an increasing slope to a point of inflexion located between t = 10 min and t = 20 min and then slowly increase with a decreasing slope. This zone located in the first 20 min is also observed in Fig. 4 where fluxes rapidly decrease. Indeed, the permeate fluxes lose 78%, 62% and 55% for P. lima, A. minutum and H. triquetra microfiltration respectively in the first 20 min, while part of total fouling resistance only accounts for 28%, 14% and 22% for P. lima, A. minutum and H. triquetra microfiltration respectively.
It was already shown that a plot of total resistance versus time is concave upward when n N 1 (n from Hermia's equation (Eq. (1))) and concave downward when n ≤ 1 [56] . Furthermore, as observed in this same study, it is advisable to choose a period of time during which effects of membrane compaction and the lag in permeate delivery for short time and cake formation for long times are not included. Thus, it is consistent in our case to choose the period of time from 5 to 20 min for linear regression in order to determine PBI (Eq. (3)) and PCI (Eq. (2)).
Other studies concerning "dead-end" microfiltration have already shown that standard and pore blocking mainly occurred at the first stage of microfiltration and that cake filtration mainly occurred in a second phase [56, [72] [73] [74] [75] [76] [77] . This shows that both internal foulings occur in the three cases, but that during the P. lima microfiltration these phenomena are more significant. Thus, in this first stage of microfiltration, a decrease in pore diameter and pore density occurred, which induced a rapid decrease of permeate fluxes. According to the cake filtration theory, the filtration curve can be regressed to a straight line to define the CFI. Based on cake filtration equation, CFI shows the consequence of deposited layer at the membrane surface. Fig. 6c shows the t/V versus V and the linear regression of the data performed from t = 20 min and t = 180 min for each micro-algae suspension microfiltered. Indeed, in the manner of relative permeate fluxes curves (Fig. 4) , it is possible to distinguish two regions. From t = 0 to t = 20 min, filtration curves are not linear and then, they change to a straight line to indicate a cake filtration phenomenon. For each CFI determination, a linear correlation higher than 99% is obtained (r² N 0.99).
CFI values presented in Table 4 , show a filtration cake more significant and equivalent for P. lima and A. minutum microfiltration with 11.4 and 10.3 s/L² respectively. As for H. triquetra filtration, CFI is lowest with 3.5 s/L². Consequently, the MF membrane shows the most propensities for internal and surface foulings for P. lima filtration, and lowest for H. triquetra filtration. On the contrary, A. minutum suspension had caused an internal fouling in the same range as H. triquetra and a surface fouling in the same range as P. lima.
These differences of MF behaviour can be attributed to the differences of DOC and particulates concentration measured in feed waters. Indeed, according to the filtration theory and some authors' reports [57, 76] , internal fouling occurred if particles, macromolecules and colloidal materials, smaller or comparable in size with pores diameter, can be captured in the selective layer thickness or in the membrane matrix by adsorption phenomenon to the pore walls or by physical blocking.
Moreover, these compounds, responsible for internal fouling, can also cause the formation of a cake layer. On the contrary, if the water compounds are larger than the pore size, only surface fouling can arise.
Concerning P. lima microfiltration, high propensity to cause significant pore blocking and standard pore fouling can be explained by the following assumption: P. lima is known to exude high quantity of mucilage from its epiphytic mode of life and P. lima cultures have the higher values of DOC. Blended with high concentration in fine particles (smaller than MF mean pore diameter), DOC contents, composed primarily of dissolved living matter and exopolymeric substance (EPS) (exopolysaccharides, proteins, lipids, humic substances,…) and subject to cause internal fouling, can explain why P. lima causes the higher blocking and standard pore fouling for the membrane study.
However, concerning cake formation, A. minutum and P. lima CFI obtained for A. minutum is higher than H. triquetra (3.5 versus 10.3 s/L²). This difference could be explained by a more compact cake from A. minutum due to higher value in TSS, DOC and a larger particle size distribution with the existence of fine particles despite its slightly larger mean diameter compared to H. triquetra suspension. Thus, CFI A.minutum N CFI H.triquetra because C b-A.minutum · α A.minutum N C b-H.triquetra · α H.triquetra with α H.triquetra =9.45 × 10 11 m/kg. Furthermore, higher values of DOC and TSS for A. minutum compared to H. triquetra are measured in the medium when A. minutum is operated in semi continuous culture mode. This phenomenon could be due to the presence of elderly cells in the medium with EPS exudation and foam formation. Concerning A. minutum and H. triquetra microfiltration, the calculated internal fouling indexes (PCI and PBI) are in the same range (Table 4 ). This can notably be explained by close DOC values for these two species suspensions with 6.3 ± 1.3 mgC/L and 3.3 ± 0.2 mgC/L for A. minutum and H. triquetra respectively. Indeed, A. minutum and H. triquetra are both pelagic dinoflagellates and thus are not susceptible to exude large quantities of mucilage in the manner of P. lima with a DOC value equal to 22.7 ± 3.0 mgC/L.
These results indicated that microalgae sizes and their mean diameters are not only parameters for determining fouling behaviour. Indeed, according to species, microalgae may have a deformable structure even under low pressure and may exude various amounts of EPS which can also be very different in nature. These substances may be more or less fragile and, in the case of cell breakage, induce a high quantity of fine particles in the medium, smaller than membrane pore diameter. EPS, fine particles and deformable cells could, alone or associated, contribute to internal fouling and/or a cake formation.
To conclude, it seems that internal fouling (pore blocking and pore constriction) would be mainly due to dissolved organic substances and cake filtration due to particles. Fine particles, alone or blended with dissolved organic substance, could be responsible for high value of specific cake resistance because of their ability to fill the void spaces between the micro-algae. In addition, a previous study using a fractal permeation model to study the mechanism of membrane fouling [78] allowed us to describe these phenomena. Indeed, as already shown, particle size distribution and macromolecules are important factors affecting cake layer permeability [78, 79] . Furthermore, in the microfiltration process, bigger particles can easily back-transport from the cake layer into the bulk due to the shear force, and the smaller particles may be captured by viscous substance such as protein, carbohydrate and so on, and cause more severe membrane fouling [78] . In addition, it has already been shown [77] that complete blocking and standard blocking are promoted when microfiltration is operated under low and constant pressure (b 1 bar) as presently reported.
Scanning electron microscopy experiments
After 180 min of microfiltration, a backwash is operated from permeate under a pressure of 1 bar for 10 s. A permeation flux is then measured in pure water. If we consider that residual fouling corresponds to irreversible fouling, it appears that reversible fouling is responsible for 31%, 18% and 35% of total flow loss caused by total fouling for P. lima, A. minutum and H. triquetra respectively. This indicates that irreversible fouling represents the main contribution to fouling. In order to observe the surface morphology of membrane with irreversible fouling, SEM analyses are carried out.
As in a previous study [17] , SEM analyses result from samples of membrane fibres with a specific preparation and not from in situ membrane observation. Fig. 7 shows the clean MF membrane and Fig. 8 shows SEM images of MF after 180 min of filtration and backwash for P. lima and H. triquetra microfiltration. Fig. 7 shows that 0.2 μm membrane presents a mean diameter ranging from 0.03 to 1.68 μm and a pores density approximately equal to 4.25 × 10 11 pores/m².
Concerning fouled membranes (Fig. 8 ), it appears clearly that a majority of pores are not visible anymore due to the presence of various particles of different shapes and sizes blended with an organic matrix. Concerning H. triquetra microfiltration (Fig. 8a) , the layer is relatively porous contrary to that observed for P. lima microfiltration (Fig. 8b) , which seems thicker and denser with many particles and aggregates covering the membrane surface. Linked with low values of TSS and COD content, this could explain why the flow is less limited for H. triquetra. Also, [8] and [15] , have already attributed pore clogging and internal fouling in MF caused by a progressive penetration in the membrane pores (around 0.2 μm) of small particles of equivalent size (cell fragments) and some dissolved macromolecules.
Furthermore, contact angle measured on membrane fouled by H. triquetra suspension shows an increase in the hydrophilicity of the membrane outside and inside the surface (inside surface evaluated at 7 ± 1°versus 32 ± 11°for the clean membrane, outside surface membrane evaluated at 17 ± 4°versus 28 ± 5°for the clean membrane). These measurements are consistent with an internal and an external organic fouling, which can be linked to the high adsorption potential of macromolecules (i.e. EPS suspected before) as already underlined by previous studies [9] [10] [11] [12] 80] . These results indicate that the more significant irreversible fouling is, the faster reversible cake establishment will be and consequently a drastic drop of flux will be observed during the P. lima microfiltration. In order to prevent the drop of permeability, a solution could promote the formation of a filtration cake at the beginning of filtration in order to prevent pore density and pore diameter reductions on the membrane surface, and finally limit severe internal fouling. Furthermore, as explained by Frappart et al. (2010) [81] , irreversible fouling might also be limited by reducing EPS synthesis from micro-algae suspension, which is reduced by limiting yield stress and impact of hydrodynamics generated by the process.
In addition, the absence of micro-algae on membrane surfaces suggests that no strong affinities exist between micro-algae and membrane surface, as recently reported [17] . This agrees with the fact that micro-algae mainly lead to cake formation, causing reversible fouling, and that SEM observations represent an irreversible fouling mainly caused by pore blockage and pore constriction mechanisms. Furthermore, according to Kennedy et al. (1998) [82] , irreversible fouling is generally caused by pore blocking or adsorption phenomenon. This consolidates our conclusion from filtration models. SEM images show some particles smaller than pore diameter at the membrane surface (Fig. 8) . These compounds could participate in internal membrane fouling.
As suggested by other studies [73, 77, 83] , these models might coexist during microfiltration within transition mechanisms from pore blocking to cake filtration. Thus, this study confirms this observation and reveals that membrane pores, accessible in the first stage of microfiltration, can undergo internal fouling (standard and pore blocking mechanisms) to result in a decrease in pore diameter and pore density, and finally in a cake layer formation, increase in fouling resistance and decrease in permeate flow. However, fouling models evoked earlier are not perfect and do not take into account, for instance, the co-occurrence of all these phenomena or the fouling heterogeneity on membrane surfaces. To conclude, in order to simplify mechanisms coming into play and thus to better understand these phenomena, a schematic diagram is shown in Fig. 9 in order to illustrate all three fouling models (standard blocking, pore blocking and cake filtration).
The scheme in Fig. 9 shows that a membrane pore is exposed to two types of internal fouling in the first moments of filtration: the same pore can undergo both phenomena (Standard blocking and pore blocking). Cake formation occurs only afterward, after the possible internal obstruction of the pores.
Influence of micro-algae concentration on microfiltration
In natural condition, it is exceptional to observe HAB concentration equal to 30,000 cells/mL. 1000 cells/mL is more current and even high (Ifremer/Quadrige database, France). So, in order to compare MF performances obtained for these two dinoflagellate concentrations, an MF operation with 1000 cells/mL was carried out. Cells, turbidity and TSS retention rate obtained were higher than 99%. TOC and DOC values were too low to be significant. So, only hydraulic performances are discussed.
Relative flow rates versus time are shown in Fig. 10 and discussed in the following part.
In 180 min of MF, the permeate flux is equal to 108 ± 5 L·h
for 1000 cells/mL A. minutum microfiltration, that is sevenfold higher than for the MF with 30,000 cells/mL. The general curve appearance is also different compared to that obtained with 30,000 Cells/mL. Indeed, the 1000 cells/mL curve slowly decreases and does not drastically drop like the 30,000 cells/mL curve.
Fouling resistance curve for 1000 cells/mL A. minutum microfiltration is shown in Fig. 11 . During the first 30 min of MF, R f does not increase significantly. Then, from this time to the end of MF (t = 210 min), R f increases with an increasing slope in the same way as A. minutum 30,000 cells/mL. However, from 180 min to 210 min, a point of inflexion is noticeable. Following the same reasoning as in the previous section, it is possible to identify standard and pore blocking phenomena during this microfiltration. Thus, indexes PCI and PBI can be determined during MF from 30 min to 180 min ( For A. minutum 1000 cells/mL microfiltration, no cake filtration phenomenon is identified. So, after 210 min of filtration, fouling is essentially due to internal fouling during MF. Contrary to 30,000 cells/ mL A. minutum MF, which causes rapid flow decline and high values of fouling indexes, 1000 cells/mL A. minutum MF causes a slow decrease of flow mainly due to a low intensity of internal fouling. In addition, flow observed at 210 min is not a steady-state flow and a longer time of filtration should allow a filtration cake to build.
After 210 min of filtration, a backwash is operated from permeate under a pressure of 1 bar for 10 s with the permeate flow measured in Fig. 9 . Schematic representation of standard and pore blocking models and cake filtration occurring during a membrane MF operation. pure water. Considering that residual fouling corresponds to irreversible fouling, it appears that reversible fouling is responsible for 28% of total flow loss caused by total fouling. As observed before, this indicates that irreversible fouling represents the majority of the fouling deposit in our condition. The use of specific fouling indexes such as those quoted in the present work (Pore Constriction Index (PCI), Pore Blocking Index (PBI) and Cake Filtration index (CFI)) would make it possible to better apprehend and diagnose fouling diseases encountered during a membrane MF operation.
Indeed, irreversible and internal fouling, mainly caused by fine particles and DOC from microalgae, can be identified using PBI and PCI, whereas cake filtration can be evaluated using CFI. Furthermore, as already demonstrated by Nyström et al. (1996) [84] and more recently by Kecili et al. (2006) [48] , DOC can cause a gel layer formation on the membrane surface which causes high values of CFI after several days of filtration. So, the fouling indexes approach will help to identify the type of fouling (internal, cake…) and prevent it.
Furthermore, this approach by fouling mechanisms understanding should allow specific power consumption reduction and physical process optimization, in particular by an adjustment of pre-treatment or an adjustment of operating parameters of the process, such as backwash cycle frequency, backwash duration, trans-membrane pressure, air flow rate or time necessary to clean and regenerate membranes… For instance, on the basis of fouling index values, the backwash could begin after the first stage of the filtration, during the internal fouling establishment, in order to avoid a cake filtration phenomenon. Also, the value of trans-membrane pressure of membrane filtration could be selected according to fouling indexes in order to limit fouling phenomena and obtain the best specific energy consumption.
In addition, as shown in some studies [85] [86] [87] [88] [89] , special attention will be devoted to the shear stress from pumps and valves and membrane process, which could cause micro-algae damage and thus increase of internal fouling caused by small particles and macromolecules from micro-algae.
Conclusion
This study deals with the technical feasibility to implement submerged polysulfone MF membranes in semi-closed aquaculture systems during algal bloom episodes; membranes must totally retain toxic micro-algae. Three dinoflagellate suspensions of 30,000 cells/mL have been characterised and then microfiltered.
Retention rate results show that more than 99% of micro-algae are eliminated by MF membrane. Seawater produced is clarified (turbidity b 0.2 NTU) with DOC values equal to 12.2±0.8 mgC/L, 4.9± 0.3 mgC/L and 3.3±0.1 mgC/L respectively for P. lima, A. minutum and H. triquetra and can be considered potentially suitable to be used for shellfish storage. The higher retention rates for DOC are obtained from P. lima permeate with 46%.
It appears that fouling is responsible for flux decline, which is all the higher as particulate and DOC concentrations are high, and that pore constriction and pore blocking phenomena, which are mainly responsible for irreversible fouling, occurred mainly in the first stage of MF (from 0 to 20 min of filtration in our conditions). DOC can be mainly attributed to EPS from micro-algae.
PCI and PBI values are equal to 0.055 L H. triquetra microfiltration respectively. SEM analyses and internal fouling indexes allowed to conclude with an irreversible fouling attributed to fine particles (such as cell fragments) and dissolved organic compound. Besides, in the next study, longitudinal cuts of pores could be observed using SEM in order to better understand the structure and the organisation of internal fouling. For H. triquetra microfiltration, hydrophilicity increase is measured by contact angle after the operation. This is consistent with a fouling from biologic organic matter such as EPS. Cake filtration phenomena occurred for each microfiltration after internal fouling; CFI equal to 11.4 s/L², 10.3 s/L² and 2.5 s/L² for P. lima, A. minutum and H. triquetra microfiltration respectively. Cake filtration is mainly responsible for reversible fouling and it is all the more significant as TSS and DOC load is high. Cell size of micro-algae is not the only factor influencing cake resistance, and it appears that dissolved organic substances, fines and particulate size distribution are important factors affecting cake layer permeability.
Microfiltration with 1000 cells/mL of A. minutum has also been carried out. No cake filtration phenomenon is identified during the filtration time (180 min). Only pore blocking and pore constriction occur and irreversible fouling is responsible for 72% of flux decline. In order to observe a cake filtration with weak concentration of microalgae, filtration time could be prolonged for several days, but the rise of gel formation will increase with filtration time.
In each case, cleaning procedure was efficient and initial permeability was recovered. The present approach allows us to identify fouling mechanisms predominant during MF just from filtration time and volume filtered. With this approach, it will be easier to adapt and adjust a pretreatment before a membrane microfiltration process for industrial suspensions such as those found in aquaculture and to optimise the main parameters of control of the process (backwash and bubbling parameters, transmembrane pressure and cleaning procedure).
For a given micro-algae concentration (30,000 Cells/mL in our case), the filtration behaviour and fouling behaviour can be very different based on the micro-algal species. In order to confirm these initial findings, a pilot scale system operating in steady state condition for several weeks/month should be set up. Also, in order to improve and complete the approach of fouling indexes and autopsy analytical tools, modelling membrane mass transfer could be used in the next study.
Moreover, since low hydrodynamic shear limits the destruction of micro-algal cells and exudation, immersed hollow fibres microfiltration membranes present a good potential for the total removal of toxic micro-algae and could be considered in order to supply semi-closed and recirculating aquaculture systems with low-energy-consuming (around 0.1 kWh/m 3 ).
